Efficient Fiber Optic Detection of Trapped Ion Fluorescence 
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Integration of fiber optics may play a critical role in the development of quantum information 
processors based on trapped ions and atoms by enabling scalable collection and delivery of light and 
coupling trapped ions to optical microcavities. We trap ^'^Mg^ ions in a surface-electrode Paul trap 
that includes an integrated optical fiber for detecting 280- nm fluorescence photons. The collection 
numerical aperture is 0.37 and total collection efficiency is 2.1 %. The ion can be positioned between 
80 /im and 100 /xm from the tip of the fiber by use of an adjustable rf-pseudopotential. 

PACS numbers: 37.10.Ty,03.67.Lx 



Experiments with single atom, molecule, or quantum 
dot emitters typically use large multi-element optical sys- 
tems to collect fluorescence photons. As the emission pat- 
tern of such emitters subtends a large solid angle, high 
numerical aperture (NA) lenses (NA^l) are used for ef- 
ficient collection [IHl]. In some situations, for example, 
quantum information processing with trapped ions [8]- 
dOj, fluorescence detection through optical fibers pJT[T3] 
may scale to large numbers of ions more easily than bulk 
objectives as the solid angle access near a trap and field 
of view are limited. Use of optical fibers may also pro- 
vide advantages for integrating optical cavities into ion 
traps because the smaller mode volumes yield stronger 
coupling of the cavity to the ion p!4Ul6] . However, plac- 
ing a dielectric close to an ion is often problematic, as 
accumulated charges on nearby dielectrics perturb the 
trapping potential [17-20 . 

In this letter, we demonstrate a surface-electrode Paul 
ion trap with an integrated optical fiber used for fluo- 
rescence detection. Fluorescence photons pass through a 
50-/im diameter hole in the electrode and substrate layers 
to be collected in an optical fiber whose face is parallel 
to and recessed below the electrode surface (Fig.[T]). The 
other end of the fiber faces a vacuum window with a pho- 
tomultiplier tube (PMT) on the air side. 

The surface-electrode trap is fabricated by use of an 
electron-beam evaporation and lift-off photolithography 
process to pattern gold electrodes onto a quartz wafer 
[2TJ[22]. The gold layer is 1.5 /im thick with 5-/im gaps 
between the electrodes. A high-speed (150,000 RPM) mi- 
crodrill that has a diamond-tipped bit with a 30- /im end 
diameter and 60° full opening angle is used to mill out a 
335-/im diameter fiber- alignment hole into the back side 
of the chip. The hole is tapered to allow the fiber to self- 
align and stop 50 /im from the electrode surface (Fig.jl^). 
A smaller tapered light-collection hole is milled from the 
fiber recess to within 20 /im of the front surface. The last 
20 /im of quartz in the 50- /im diameter light-collection 
holes is removed using Focused Ion Beam (FIB) milling 
of the quartz from the front side [23 at a 30 degree un- 
dercut to match the tapering of the light-collection hole. 




FIG. 1: a) Trap with electrode pattern cutaway to reveal the 
tapered light-collection and fiber alignment holes, b) Elec- 
trode pattern (photo inset) showing the center dc electrode 
with light-collection hole, the inner rf electrode, the variable 
outer rf electrode, and the dc pads. 



The fiber is a multimode high-NA UV-transparent 
quartz fiber (220-/im core diameter, 335-/im cladding 
outer diameter, 20-cm length) [2T with the cladding hole 
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structure in the last ~ 40- /im at each end cohapsed to 
prevent background gasses from slowly escaping from the 
hole structure. The end surfaces of the fiber are flat. 
The non-Ultra High Vacuum (UHV) compatible acrylate 
coatings are removed with dichloromethane, and the fiber 
is recoated with a polyimide [25 . 

The fiber is inserted into the fiber- alignment hole from 
the backside and cemented to a bracket on the backside of 
the chip with an UHV-compatible UV-curing epoxy [26 . 
We verify the alignment of the fiber by sending a 532-nm 
laser beam into the light-collection hole and checking for 
light emitted from the opposite end of the fiber. 

The trap electrode pattern (Fig. [TJd) has two inde- 
pendent rf electrodes. An inner electrode provides three- 
dimensional confinement and a rf pseudopotential null 
about 30 /im from the surface plane, centered above the 
fiber hole, when the outer rf electrode is grounded. When 
the outer rf electrode is driven at the same potential as 
the inner, the rf null moves to 50 /im above the surface 
plane. This enables vertical control of the ion by scal- 
ing the outer rf electrode potential from ground to the 
same potential as the inner electrode. The range of con- 
trol could be further extended by grounding the inner 
electrode and driving only the outer one, which would 
place an ion 90 /im from the surface plane. The trap 
electrodes also include a center dc electrode and four dc 
pads on the outside of the rf electrodes whose potentials 
are computer-controlled. These dc electrodes provide a 
static electric field that cancels any ambient static field 
at the ion and thereby minimizes rf micromotion [27 . 

Ions are loaded by resist ively heating an oven contain- 
ing a sample of ^^Mg. The oven has been placed 1 cm 
to the side of the trap and slightly above the plane of 
the surface electrodes. A very shallow angle is used to 
minimize plating Mg in the gaps between the electrodes, 
which could cause shorts. A laser beam at 285 nm pho- 
toionizes the atoms, creating ^^Mg+ ions [28 , which are 
captured in the pseudopotential well. 

Ions in the trap are Doppler-cooled jSHTO] by use of 
two laser beams with frequencies tuned near the ^Si/2- 
^P3/2 transition of the ion (313 nm). The ambient mag- 
netic field is \B\ = 0.9 G. A "detuned" beam that has a 
frequency 300 MHz lower than the atomic transition is 
used as a first stage of cooling, while a second "probe" 
beam, which has a saturation parameter of 0.2, is tuned 
(r/27r)/2^20 MHz below the transition for optimal cool- 
ing. The Doppler-limited temperature is ~ 1 mK. 

Due to the asymmetry of the rf electrodes along the y 
direction, the principal axes of the pseudopotential well 
are rotated about the x axis by 15°. This allows for ef- 
ficient Doppler cooling of all three vibrational modes by 
use of a single cooling beam aligned in the {x -h y) direc- 
tion. With a 45-MHz drive frequency and a 50-V poten- 
tial on both of the rf electrodes, the trap motional fre- 
quencies are 2.3 MHz, 6.1 MHz, and 8.4 MHz according 



to our simulation. The lowest- frequency mode is tilted 
15° up from the —y direction, while the highest-frequency 
mode is tilted 15° away from the z direction. 

After loading an ion we measure the fluorescence in the 
following way. We first cool the ion using the detuned and 
probe beams for 4 ms followed by tuning the probe beam 
to a detection frequency and applying it to the ion for 
400 /is, during which fluorescence photons are collected. 
The cooling/detection cycles are performed 4000 times 
for a given detection frequency to obtain good statistics. 
By repeating these measurements for a range of detection 
frequencies around the atomic resonance, we can measure 
the fluorescence spectrum of the ion. 
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FIG. 2: Fluorescence counts detected through the lens and 
the fiber plotted vs. the detuning of the probe laser beam 
for an ion 50 /im from the surface plane. The net collection 
efficiency of the optical fiber is 31 % of the lens. 

In addition to the fiber integrated below the trap sur- 
face, a large NA=0.5 objective is placed above the trap 
outside of a vacuum chamber window so that a direct 
comparison may be made between the fiber collection 
system and the standard lens collection system that has 
been used for previous surface ion traps [29 . 

The fluorescence spectra for the ion when viewed 
through the lens and the fiber both show the ^ 40 MHz 
linewidth of the resonance (Fig. [2| . The deviation from a 
Lorentzian profile is due to (1) the frequency dependence 
of the diffraction efficiency of the acousto-optic modu- 
lator used to tune the frequency of the probe light, (2) 
residual micromotion sidebands [27 , and (3) reduced flu- 
orescence due to heating during the detection interval as 
the probe beam is tuned to frequencies above the reso- 
nance. We measure the full resonance spectrum to com- 
pare the relative collection efficiencies because the fluo- 
rescence scan also reveals the scattered light background 
of each collection system. 

By comparing fluorescence collected with the lens and 
fiber, we determine the net collection efficiency through 
the fiber to be approximately 31 % of the lens efficiency. 
Although the fiber core is larger than the light-collection 
hole, some of the light enters the fiber at an angle steeper 
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than the fiber's total internal reflection angle, and is 
therefore not propagated along the flber core. Therefore, 
the net collection efficiency of the flber is determined by 
the flber NA (NA=0.37), reflection losses on the flber 
ends and vacuum chamber windows, the 90 % transmis- 
sion of a UV fllter in front of the PMT, and geometric 
losses between the flber and the PMT, because the flber 
emits into a cone that is wider than what the active area 
of the PMT can detect. This geometric loss (coupling 
coeflicient of 0.75) could be eliminated by placing the 
PMT closer to the flber; however, the vacuum chamber 
arrangement in this apparatus prevents that. The lens 
also suffers from reffection losses on the vacuum window 
and the objective element surfaces. 

We verify that the collection efficiency is limited by the 
NA of the fiber rather than by the size or position of the 
hole relative to the ion. If the pseudopotential minimum 
is not well centered over the hole, or if the fiber is not well 
aligned with the hole, we would expect that displacing 
the ion laterally would cause the collection efficiency to 
change as the portion of light clipped by the hole or the 
fiber cladding changed while the portion limited by the 
NA would remain constant. By varying the displacement 
and comparing the dependence of fiuorescence through 
the fiber to the fiuorescence through the lens, we may 
observe any clipping (or lack thereof) in the fiber system 
and verify the fiber and hole alignment. 

Using a numerical simulation of the trapping poten- 
tial, we find sets of potentials for the dc electrodes that 
produce displacing fields in three orthogonal directions 
at the pseudopotential minimum. Because the problem 
is under-constrained (five electrodes and three dimen- 
sions), we use solutions that maximize the displacing field 
while constraining the electrode voltages to be within 
± 10 V. With application of linear combinations of these 
sets of potentials, the ion may be pushed in any direc- 
tion. When the ion is pushed in a direction where the rf 
field at the position of the ion is aligned with the propa- 
gation direction of the probe beam, micromotion causes 
the atomic resonance to be broadened, causing the fiu- 
orescence to decrease. Figure |3] shows fiuorescence as a 
function of the displacement of the ion in directions that 
are (a) insensitive and (b) sensitive to micromotion. In 
the micromotion-insensitive case, the observed changes in 
fiuorescence are due primarily to the ion moving through 
the intensity profile of the beam. In the micromotion 
sensitive case, changes are also caused by the induced 
micromotion. Since the fiber-detected fiuorescence is pro- 
portional to the fiuorescence observed through the lens, 
we confirm that we are limited only by the NA of the 
fiber, and not by any misalignment of the light-collection 
hole or the fiber relative to the ion. 

The trap permits adjusting the height of the pseudopo- 
tential minimum above the electrode plane by varying the 
potential of the outer rf electrode. The trap rf is driven 
with a helical resonator with a Q of ~ 40. By tapping into 
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FIG. 3: Fluorescence observed through the fiber and through 
the lens when displacing the ion. The fiber trace has been 
scaled to the height of the lens data. The ion is displaced 
along the direction of (a) minimum and (b) maximum sen- 
sitivity to ion micromotion. The curves are the same for 
both collection systems, indicating that the fiber collection 
is limited by its NA rather than clipping by the hole. The 
displacement between the fiber and lens curves in (a) is due 
to mechanical instability of the vacuum chamber. For these 
measurements the probe beam is tuned near resonance. 

an intermediate position on the helix of the resonator, we 
can drive the outer rf electrode with a potential between 
V and that of the inner rf electrode while keeping the 
phase and frequency of the two electrodes the same. The 
adjustment could potentially be made continuous with 
the use of a mechanically adjustable tap or a tunable 
shunt capacitance divider jSOj [31J . 

We are able to trap ions at 50- /im above the electrode 
plane without applying a dc compensation field. A small 
residual electric field — likely due to photoelectric charg- 
ing of the quartz substrate and the fiber — displaces the 
ion from the rf pseudopotential null. Subsequent appli- 
cation of compensation potentials to the dc electrodes 
cancels the ^ 500- V/m ambient field and eliminates ex- 
cess micromotion in the direction of the probe beam. 

At 30 /im from the surface plane, the combination of 
decreased trap well depth (3100 K vs. 3800 K), decreased 
distance of the ion to the stray charges on the surface, 
and increased stray charges from the detuned and probe 
beams brought closer to the surface, prevents the ion 
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from loading with all of the dc electrodes grounded. The 
stray bias field needs to be at least partially canceled out 
by use of the dc electrodes before the trap will load an ion 
at this position. We find the collection efficiency of ffuo- 
rescence photons through the optical fiber at 30 jam does 
not improve over the efficiency at 50 /im, consistent with 
the collection being limited by the ffber NA. We are also 
able to load at ~ 40 /im above the surface by tapping the 
rf helix at an intermediate point between the grounded 
end and the high-voltage end, which demonstrates the 
adjustable property of the technique. 

In conclusion, we have developed a surface-electrode 
ion trap with integrated ffber optics capable of efficiently 
collecting ffuorescence light from the ion. The trap used 
here demonstrates the ability to position the ion at a 
range of distances from the ffber. Although the ffber hole 
subtends a NA of 0.5-0.8, depending on the ion height, 
the actual collection is limited to the NA of the ffber 
(NA=0.37, corresponding to 3.5 % of the total solid an- 
gle). Reffection, absorption, and geometric losses con- 
tribute an additional loss of 42 % of the light, resulting 
in a net collection efficiency of ^ 2.1 %. By using a simi- 
lar trap electrode design and shaping the ffber tip to act 
as a lens to focus the light into the core of the ffber, it 
should be possible to achieve a much higher effective NA 
for collection. Furthermore, by anti-reffection coating all 
interface surfaces and by placing the ffber closer to the 
PMT to increase the coupling efficiency to the PMT, it 
should be possible to signiffcantly boost the overall sys- 
tem collection efficiency, making it competitive or supe- 
rior to conventional collection objectives. 

This technique has potential for enabling scalable read- 
out of multiple qubits in trapped ion quantum informa- 
tion processing systems, as ffbers may be attached to 
a single surface-electrode ion trap in multiple locations. 
This technique is compatible with scalable ion-trap quan- 
tum information processing schemes that transport ions 
with time-dependent control potentials [32-34 and may 
be useful for integrating ffbers in neutral atom chip sys- 
tems [35j. It may also facilitate other quantum optics 
experiments by, for example, allowing trapped ions to 
be accurately positioned within a ffber-optic microcavity 
and enabling strong coupling of the ion to a cavity pho- 
ton jTCj. Dynamically changeable rf-potentials, similar to 
the ones demonstrated here, could be further leveraged 
for creating smooth and strongly conffning transport po- 
tentials through junctions in trap arrays [34 . 
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